comparing procedural complications with the poor natural history of vasospasm, transluminal balloon angioplasty has emerged as an important therapeutic intervention in selected patients.
Transluminal balloon angioplasty has been used most effectively in reversing vasospasm in large, proximal segments of cerebral vessels composed of thick muscular walls (Fig. 1) . Typically, vasospasm affects the A 1 segment of the ACA and the M 1 and M 2 segments of the MCA, and is less frequently seen in the P 1 segment of the posterior cerebral artery or in vessels originating from the vertebrobasilar system. Although the angiographic goal of transluminal balloon angioplasty is to effectively dilate these proximal vessel segments only, the rationale is based on improving blood flow, oxygenation, and metabolism within the distal arterial territory as well. 2, 19 In instances in which either multiple vessels or a longer portion of the proximal vessel segment are involved, repeated or sequential balloon inflations may be warranted. Additionally, in patients with severe proximal vasospasm, pretreatment with an intraarterial vasodilator may be required to allow navigation of the balloon within the severely stenotic region without obstructing blood flow. Transluminal balloon angioplasty typically has not been used in the distal segments of the cerebral vasculature, primarily because of safety concerns related to the thinner arterial wall and the added technical challenges of navigating more distally in the cerebrovasculature. 6, 7, 13, [25] [26] [27] 49 In comparison with the intraarterial injection of pharmacological agents, the limitations of transluminal balloon angioplasty include difficulty with access to distal vasospastic segments and the inability to apply this technique in instances in which a patient has an untreated ruptured aneurysm at or distal to the vasospastic portion of the vessel. 60 Transluminal balloon angioplasty in patients with unruptured distal aneurysms is regarded as contraindicated because of the potential to induce rupture with augmentation of blood flow to the aneurysm. Potential complications of transluminal balloon angioplasty have been noted in the literature, and include vessel rupture, vessel perforation, thromboembolic events, intracranial hemorrhage, arterial dissection, reperfusion injury, and hemorrhage from unsecured aneurysms. Major complication rates of 4 to 6% are typically reported. Vessel rupture, virtually a universally fatal event, occurs in approximately 1% of patients, but was reportedly as high as 7.7% in one series in which transluminal balloon angioplasty was performed prophylactically within the first 72 hours of an SAH. 44 The precise mechanism by which transluminal balloon angioplasty results in reversal of cerebral vasospasm remains incompletely understood. Furthermore, the durability of the procedure and the reasons for the low rate of recurrent spasm on the treated segment of the vessel remain to be elucidated. 9, 37 Using the scanning electron microscope, Yamamoto, et al., 67 examined changes in the three-dimensional structure of connective tissues in vessel walls after balloon angioplasty. The results showed that the normal structure of collagen fibers in the vessel walls was significantly affected by balloon dilation, with stretched and torn fibers observed when 3 atm of pressure was applied. The endothelium, however, was not found to be damaged. These investigators concluded that balloon dilation caused a mechanical disruption of the proliferating connective tissues in the vasospastic vessel wall, resulting in the prolonged effect of the procedure. In several other human autopsy and animal studies, researchers have demonstrated a similar mechanism to explain the effects of transluminal balloon angioplasty (that is, compression of the connective tissue, which proliferates during cerebral vasospasm; stretching of the internal elastic lamina; and a combination of compression and stretching of the smooth muscle).
30,69

Intraarterial Papaverine
In 1992, 8 years after Zubkov first reported his experience with transluminal balloon angioplasty for treatment of cerebral vasospasm, Kaku and colleagues 31 published an account of their use of intraarterial papaverine injections to treat cerebral vasospasm. Papaverine is an opium alkaloid derived from the opium poppy that causes vasodilation by an incompletely understood mechanism, although it is thought to alter adenosine 3Ј,5Ј-cyclic monophosphate levels in smooth-muscle cells. Enthusiasm for papaverine as a vasodilating agent for the treatment of vasospasm flourished in hopes that it could potentially treat previously inaccessible distal vasospastic vessel segments. Many reports detail the clinical results and complications of this technique, although significant criticism of intraarterial papaverine has curbed some of the initial enthusiasm for this therapy. 2, 10, 12, 19, 32, 40, 68 Although papaverine administration clearly results in transient reversal of cerebral hypoperfusion with improvement in blood flow velocities measured using TCD ultrasonography and CBF studies after treatment, 15, 19, 49, 64 opponents cite the medication's relatively short half-life and short duration of beneficial effects as significant drawbacks. In a prospective study, Vajkoczy, et al., 64 reported that intraarterial papaverine resulted in only a transient increase in CBF, stating that the beneficial effect of this treatment on cerebral hypoperfusion dissipated within 3 hours after it was administered. In several other studies, investigators have also demonstrated similarly transient benefits. 15, 43 Another concern is the frequent recurrence of vasospasm after intraarterial papaverine administration, which often necessitates repeated injections. Repeated intraarterial papaverine injections have been associated with worse clinical outcomes in several reports. 22, 54, 56 Elevated ICP following intraarterial papaverine injections has also been a major safety concern.
2,12,28,40, 64 The ICP increases occurred in as many as 42% of patients in one study and resulted in death in 10% of the treated patients. Increased ICP after intraarterial papaverine injection was also significantly associated with adverse outcomes. The leading hypothesis posits that papaverine invokes a vast nonselective vasodilatory effect on the cerebrovasculature, resulting in increased CBF and venous capacitance, perhaps explaining these observed ICP elevations. 40 In light of these issues, some practitioners discourage its use for treatment of bilateral diffuse vasospasm, and ICP monitoring during administration of intraarterial papaverine has become standard practice. 12 Intraarterial delivery of papaverine preserved with chlorobutanol has also been associated with marked neurological deterioration and selective gray matter changes on magnetic resonance imaging. 61 This effect is consistent with a permanent toxic effect to the human brain. It is unclear whether this toxicity is caused by papaverine or chlorobutanol, and some believe it should be reserved for cases in which there are no alternatives. Other less frequent complications that merit brief mention include monocular blindness secondary to crystal emboli formation (papaverine precipitate formation), brainstem dysfunction with respiratory and hemodynamic compromise, seizure, and other transient focal neurological deficits. 55 At our institution, we no longer use intraarterial papaverine in patients with vasospasm, because of the previously stated concerns.
Other Pharmacological Agents
The aforementioned limitations of papaverine infusion have led to experimentation with other pharmacological agents. In several studies, investigators have demonstrated that calcium antagonists reduce the proportion of patients with poor outcome and ischemic neurological deficits after aneurysmal SAH. 1, 5, 39, 41, 42, 48, 51, 52, 65 Because of these findings, interest in the intraarterial application of these agents has progressed. It is important to note, however, that the intraarterial administration of these pharmacological agents has not been approved by the Food and Drug Administration and that their intraarterial delivery is regarded as an off-label use.
Intraarterial Nicardipine
Nicardipine, a dihydropyridine calcium channel blocker, conveys a greater selective arterial dilatory effect on vascular smooth muscle than the cardiac muscle. The therapeutic effect is believed to be related to the selective inhibition of transmembrane calcium ion influx into vascular smooth muscle, resulting in a reduction of free calcium ions in these cells and disrupting the actin-myosin interaction essential to muscle contraction. 47 The relative tissue selectivity of nicardipine is also critical in minimizing the cardiac sequelae (including atrioventricular and sinoatrial node conduction suppression and negative inotropic effects) that have been observed in association with other calcium channel blockers ( Table 1) .
Much of the research evaluating the efficacy of calcium channel blockers as spasmolytic agents originated from the cardiothoracic surgery literature during the study of coronary artery bypass grafting with arterial conduits. In an in vitro study by He and Yang, 24 the spasmolytic effects of nicardipine, nifedipine, verapamil, and diltiazem were studied in the human radial artery. The results show that the dihydropyridines (nifedipine and nicardipine) were better spasmolytic agents than verapamil or diltiazem. Specifically, they were more potent in reversing the existing contraction and in preventing the potassium-induced contraction in the radial artery. Verapamil and diltiazem, however, had no effect on the prevention of contraction in the radial artery. In another study, Radermecker and colleagues 57 reported outcomes in patients who underwent myocardial revascularization for which the radial artery was used. Hydrostatic dilation of the graft was performed using a diluted solution of papaverine (1%), and intravenous nicardipine was infused perioperatively. Angiography performed between Days 8 and 10 in the last 20 patients showed a 95% patency in the radial artery grafts, demonstrating that nicardipine is at least as effective as the diltiazem protocol.
Additional rationales for the use of nicardipine stem from its efficacy in preventing vasospasm by several innovative modes of administration, including intrathecal infusion and subarachnoid implantation. 35, 63 Kasuya and colleagues [34] [35] [36] used nicardipine prolonged-release implants at the time of craniotomy to prevent vasospasm in patients with SAH. Ninety-seven consecutive patients who were treated within 72 hours of their SAH were evaluated. These investigators found that in four (6%) of the 69 patients treated with nicardipine prolonged-release implants and in three (11%) of the 28 patients who were not treated with these implants, delayed ischemic neurological deficits developed. They suggest that the incidence of these deficits may decrease and unfavorable outcomes may improve if nicardipine prolonged-release implants are used in patients with SAH, especially in patients with Fisher Grade 3 SAH.
Although intraarterial nicardipine infusion can be considered a novel concept whose efficacy remains to be proven, Badjatia and colleagues 3 recently reported their findings over a 12-month span in which they prospectively used intraarterial nicardipine to treat symptomatic vaso-
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Endovascular treatment strategies for cerebral vasospasm 3 † Rankings range from no effect (0) to maximal effect (5). Abbreviations: AV = atrioventricular; SA = sinoatrial. spasm in 44 vessels in 18 patients. They reported immediate angiographically confirmed dilation after intraarterial nicardipine infusion in all treated vessels, and no patient sustained cardiovascular changes after the treatment. The ICP was transiently elevated in five patients and persistently elevated in one, but this was not associated with the rate of drug administration. The mean peak systolic velocities measured using TCD ultrasonography were significantly reduced from pretreatment values in all treated vessels for 4 days after infusion, demonstrating a more sustained effect than that shown for papaverine. Further studies are warranted to determine the safety and efficacy of this procedure.
Intraarterial Verapamil
Intraarterial verapamil, a calcium channel blocker, is currently being investigated at our institution. As of this writing, no literature evaluating the efficacy of this agent had been published. However, the safety of this agent has been studied by Feng and colleagues, 18 who reported their 2-year experience with intraarterial verapamil as an adjunct therapy to transluminal balloon angioplasty. They retrospectively reviewed 29 patients who received intraarterial verapamil in 34 procedures for vasospasm after aneurysmal SAH in three different settings: 1) before balloon angioplasty, to prevent catheter-induced vasospasm (16 patients); 2) for treatment of mild vasospasm that did not warrant angioplasty (13 patients); and 3) for treatment of moderate to severe vasospasm that could not be safely treated with balloon angioplasty (five patients). The mean dose of verapamil per patient was 3 mg or 44 Ϯ 5 g/kg. No significant change in heart rate and blood pressure was observed at 10 minutes after administration of the drug. Patients showed no signs of increased ICP based on hemodynamic parameters, neurological examination, or CT scans of the brain. Thus, the investigators concluded that low-dose intraarterial verapamil was safe in these settings. The efficacy of the drug, however, was not assessed because this was not the goal of the study and because the effects of intraarterial verapamil were evaluated angiographically in only 10 of the 18 patients in whom the authors reported data. We are currently studying the efficacy and safety of high-dose intraarterial verapamil at our institution (Fig. 2) .
Neurological Outcomes
Several techniques have been used to quantify the effect of transluminal balloon angioplasty and the intraarterial administration of papaverine on arterial blood flow; these include hemispheric CBF studies (using a 133 Xe clearance assay and serial single-photon emission CT scans), blood flow velocities measured using TCD ultrasonography, and angiographic measurements of cerebral artery diameter. Transluminal balloon angioplasty has been shown to improve blood flow velocities on TCD ultrasonography studies obtained postprocedurally in 39 to 100% of patients in a number of series. 16 were used, improvement in CBF after transluminal balloon angioplasty was also found, with 58 to 90% and 60 to 80% of patients, respectively, demonstrating improvement in CBF on neuroimaging studies obtained with these techniques. Despite the reduced blood flow velocities demonstrated on TCD ultrasonography and the improved CBF demonstrated after transluminal balloon angioplasty and papaverine infusion in many clinical series, the benefit in terms of neurological outcome has been much more variable. 2, 49, 56, 59 This inability to associate positive hemodynamic changes with improved patient outcomes after endovascular therapy may have many potential explanations.
Because virtually all of the series published so far have been retrospective reviews of the clinical experience with endovascular treatment modalities, they were not designed to evaluate outcomes but rather the efficacy and safety of the procedures. The conclusions garnered may make detecting the beneficial effects of a particular therapy difficult to appreciate because of the study design. One example illustrating this dilemma is evident when one compares patients treated with one of three therapies: transluminal balloon angioplasty only, intraarterial papaverine only, or both therapies. The endovascular neurosurgeon must decide what treatment to use only after the patient has undergone an angiogram and vasospasm is localized and/or characterized. Papaverine traditionally has been used with distal vessel vasospasm and is less commonly used for vasospasm in proximal vessels. Thus, there would always be an intrinsic difference in these two patient groups by virtue of the selection bias inherent in the decision-making process. Furthermore, there is currently a limited understanding of the clinical ramifications of distal compared with proximal vasospasm as it relates to neurological outcome.
Timing of the endovascular intervention relative to the onset of ischemic symptoms may also be a significant factor in evaluating clinical outcomes. The starting point of intervention, be it triple-H therapy or endovascular intervention, is not well defined in most studies. It remains challenging to assess whether one could correlate better outcomes with a particular window of opportunity in which to use transluminal balloon angioplasty. Clearly, the basis for early intervention in patients in whom medical therapy for cerebral vasospasm has failed is to restore perfusion as quickly as possible to an ischemic area distal to the stenotic segment.
In the retrospective series without case controls reported by Rosenwasser, et al., 59 the window of time during which angioplasty would be most effective in reversing neurological decline and ultimately improving outcome was evaluated. Fifty-one patients underwent endovascular management of ischemia within a 2-hour window, and 33 underwent treatment more than 2 hours after the development of their symptoms. All patients underwent mechanical angioplasty and, if distal vasospasm was present, papaverine was administered. The group that underwent endovascular treatment within the 2-hour window after the development of symptoms demonstrated sustained clinical improvement when compared with the latter group at 6 months (p Ͻ 0.01). It is important to note, however, that many other factors, including the cerebrovascular reserves of individual patients and the presence or absence of comorbidities such as cardiovascular disease, may influence the outcome, in conjunction with how quickly endovascular treatment is started.
A worse clinical grade and older age are also negative prognostic factors in patients with SAH. Elderly individuals may suffer less vasospasm but may be more affected by it. We now appreciate that older age is associated with worse recovery after SAH. 8, 38 Also, the proportion of patients with poor-grade SAH may vary substantially between studies, and this factor may affect outcome. For example, Rosenwasser, et al., 59 and Bejjani, et al., 7 reported that 10 and 13% of their patients, respectively, presented with poor-grade SAH. Their outcomes were much better that those reported by Rabinstein, et al., 56 who noted that 36% of the patients in their series presented with poor-grade SAH. This may explain data showing diminished effectiveness of endovascular therapy, as measured by reductions in functional disability, for symptomatic vasospasm as the age of the patient increases.
Last, an emerging concept that needs to be more thoroughly investigated is the stratification of endovascular therapy based on mono-and multiterritorial cerebral vasospasm involvement. Andaluz, et al., 2 reported on the University of Cincinnati experience and found that this stratification may have implications for neurological outcome, although the authors acknowledged significant differences between these two groups, making the interpretation of these data more difficult. However, several important questions with regard to the distribution of vasospasm and the effect this would have on outcome were nevertheless raised. Perhaps future classifications incorporating the region of vessel involvement (proximal compared with distal) with the distribution of the vasospasm (mono-compared with multiterritorial) would facilitate the development of some sort of treatment algorithm or rationale for these therapies.
Conclusions
Transluminal balloon angioplasty and the intraarterial infusion of various pharmacological agents provide unique opportunities to reverse cerebral vasospasm in patients in whom medical therapy has failed and who would otherwise be without treatment options. Active investigation of the safety and efficacy of several pharmacological agents is ongoing. Developing a sound rationale for the implementation of these techniques in addition to identifying suitable patients to treat will be critical to the clinical results obtained using these measures. Future studies in which the various experiences with each of these treatment modalities are detailed will provide meaningful contributions to our growing body of knowledge on this important topic.
